Transparent Message-Passing Parallel Applications Checkpointing in Kerrighed by Fertré, Matthieu & Morin, Christine
HAL Id: inria-00070265
https://hal.inria.fr/inria-00070265
Submitted on 19 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Transparent Message-Passing Parallel Applications
Checkpointing in Kerrighed
Matthieu Fertré, Christine Morin
To cite this version:
Matthieu Fertré, Christine Morin. Transparent Message-Passing Parallel Applications Checkpointing









   



















ap por t  
de  r ech er ch e 
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Transparent Message-Passing Parallel
Applications Checkpointing in Kerrighed












ikj `hlZ^'Y\W inmporq T
o gasds9` j YrtX^ j ^H_vu^ j _vud^wc"x@yEzhy@yP{}|r`~@^']" j ^h@@y{1HNsgh@^HW
H'daa |p`g@tdgFUXW'_fbWZY\^ j Wg j ^.eftX^HUbW^HtY`^'X^H_bdY^W\_ef^'cEYe9_ghssde_'ghYef`acWH3ud^:W^
gasdsdfef_HgY\e`@cW g j ^r`a¡¢Y^Hc].^HW\Wgaa^'£>sg@WWefcd(sg j ghf^H9gasdsdfef_HgYef`ac9W eYu¤`@cd^X^:_bXY\e`@cYef].^a TVefc_^
Y\ud^cVbd]"J^ j `a¡¥cd`XtX^:Wefc¦_'b9WZY\^ j WeW j `efcdkYud^s j `a9ghdefeYZU§`h¡gcd`XtX^¡¨ghefb j ^©tXb j efcdYud^
^'X^H_bdYef`acª`a¡gac«ghssde_'ghYef`ac«ec_ j ^:gaW^HWNghctªYu^gasdsdfef_HgY\e`@cª^X^:_bXY\e`@c$Yef].^]gFU§9^ j ^HghY^ j
Y\ughc¤Yu^_fbWZY\^ j ].^:ghc¤Yef]N^J^YZ^'^Hc¡¨ghefb j ^HW¬S­©®3¯C°±`gF~a`aet j ^HWY\g j Y\ecNgasdsdfef_HgYef`ac¤¡ j `a]
Y\ud^(9^HaefcdcdefcdXW`a].^¥¡¨ghbdY3Y`af^ j ghcEY]N^:_vughcefW]WWb_vu¤g@W3_vud^H_v²VsJ`aefc@Y³ j ^HWY\g j Yg j ^¥cd^'^:tX^Ht
´b j £
j ^'cEY\U@_vud^:_v²EsJ`aefcEY±³ j ^:WZYvg j Y"].^H_vugacdefW]W.g j ^^HeµY\ud^ j ef].sd^H].^'cEY^:t¶tde j ^H_YfU$ec«Yu^©ghsdsdfe_'gY\e`@c
W`ab j _'^¥_`XtX^VUghsdse_'ghYef`acWs j `a j gh].].^ j Wk` j g j ^pefc@Y\^' j ghY^Htec_`@]N]bdcde_'ghYef`ac^HcE~Ve j `@cd].^'cEY\W
Wb_vugaW ­ ikq ` jki · ­§@¸^rs j `@s9`EW^3efc.YudeWksgas9^ j g(cd^H¦gasds j `@g@_vu"efcudef_vu_vu^H_v²Vs9`@ecEY³ j ^HWY\g j Y
].^:_vughcdeW].Wp¡¹` j sg j gaf^'ghsdsdfe_'gY\e`@cWg j ^"ef]Ns^H]N^HcEY^HtPecg¤_'b9WZY\^ j Wefcdaf^WUXWZY\^']ºef]gha^`asX£
^ j ghYefcdWUXWY^H]¸»udef^YudeW²a^ j c^'
f^'~@^'gasds j `@ga_vu¤efWp].` j ^_`a].sdf^¤Y`ef].sd^H].^'cEYrYu9ghc`hY\ud^ j
gasds j `@g@_vud^HWHVeµYpeW].` j ^(a^Hcd^ j ghnJ^H_HghbW^eµYptd`E^:Wcd`aY j ^:¼Ebde j ^ghcVU].`XtXe9_'ghYef`ac
_'`a].sdeffghYef`ac` j





ÈnÉC i ^ j ¡¹` j ]ghc9_^ j ^:WbdY\Wg j ^s j ^HW^'cEY^:tefcYudeWsgas9^ j 





∗ ârã\äSäSåFæèçZéEê ëçì¹äSìSçíæèì¨æèîÛã:ê ëì
† ï åFì¨æèîSäSæèðFç±ê âñ±ìSæèðhíæèì¨æèîÛã:ê ëì
Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu, 35042 RENNES Cedex (France)
Téléphone : 02 99 84 71 00 - International : +33 2 99 84 71 00
Télécopie : 02 99 84 71 71 - International : +33 2 99 84 71 71
  4¤  n¤() ¤	 4Z	¤	!&()"¤
	!!!&)
		¤ 		  4¤ 0 3 + 4
    ^:W j ghsdsJ^HWtX^3_'gaf_'bdfghY^Hb j WW`acEYY j [:WbXYefeW'^HWsJ`ab j f^HWgasdsdfef_HgYef`ac9WW\_ef^'cEYe9¼Ebd^:W'
´^:Wghsdse_'ghYef`acWW`acEYW`@bd~a^HcEY.tX^:Wghssde_'ghYef`acW.s9g j ghf[H^:WNtd^f`acabd^tXb j '^©_'`a].]"bcdef¼EbgacEY
s9g j ]N^:WW\gh@^a ´`a].].^f^c`a]" j ^Ptd^cb9tdW¤tghcWf^HW¤ j ghsdsJ^HWtX^_Hgh_bdgY\^'b j Wghbd@]N^HcEY^a
gs j `agadefeYtX^t¡¨ghefffgac_^t bdc§cb9tgabda].^Hc@Y\^^'f^gabW\Wek^'Yfgtdb j H^t ^H_'bXYef`ac$t bdcd^
gasdsdfef_HgY\e`@c¶sJ^'bdY Y j ^PWbds! j e^Hb j ^©ghb¶Y^H]Ns9W].`Ua^Hc¶^HcEY j ^©t¡¨gaeffgac_^:WtX^g§ j ghss9^@ Õ ghcW
_'^_`acEY\^VY^@
s9`@b j '~VeY^ j tX^ j ^Hfgac_^ j ^:Wghsdsdfe_'gY\e`@cW(tX^'sbdefW^tHdbXY^Hc_HgaWtX^t'¡¨ghefghc_'^a
td^HW.]H_HghcdeW].^tX^Y`@" j gac_^ghbX§¡¨gabXY^:W_`@]N].^gW\ghb~a^'Eg j tX^^'Y.g j ^:WZYvghb j gY\e`@cªtX^sJ`aefc@Y
td^ j ^'s j eW^:W(t gasdsdfef_HgY\e`@cW`acEYgYY j gFU@ghcEYvW' Ó 'c j ga^H]N^HcEYH
f^HW]:_'ghcefW].^HW(tX^W\ghbd~@^'@g j td^"^Y
j ^HWY\gab j gYef`ac»tX^s9`@ecEYtX^ j ^'s j eW^W`@c@Y¤]NeW^'c#b~ j ^PtXe j ^H_±Y\^'].^'cEYtdghcW¤f^_`XtX^W`@b j _^PtX^
$ ghsdsdfe_'gY\e`@c§`ab$W`acEY"efcEY' j :WtdgacWf^HW"^'cV~Ve j `acdc^'].^'cEY\W"tX^¤_'`a].]"bdcef_HgYef`ac§_'`a].].^­ ikq `@b
i · ­§ |p`abW.s j `@s9`EW`@cWtghcW_'^Yg j Ye_f^bdcd^cd`ab~a^'ff^gasds j `V_vu^¼Ebder_'`acWefWY^&%ecEY'' j ^ j f^HW
]:_'ghcefW].^HW(tX^W\ghbd~@^'@g j td^^Y j ^HWY\gab j ghYef`acPtd^s9`@ecEYtX^ j ^'s j efW^.t gasdsdfef_HgY\e`@cPsg j gaf['f^NtghcW
bcWUXWY['].^©t ^Xsdf`aeY\ghYef`ac(% ef].gaa^bdcef¼Ebd^©sJ`ab j  j ghsdsJ^©tX^P_Hgh_bdgY\^'b j WHB´^YY^Pgasds j `V_vu^
WUXWZY\['].^^HWYpsdfbW_`@]Ns^'V^%]N^'YY j ^^Hc&bd~ j ^¼Ebd^"^:WpghbdY j ^HW]gheW^Hf^^HWYpsdfbWp)'c* j ghf^_'g j
^Hf^cd^¤cH_'^HW\WeY^¤sgaWtX^].`XtXe9_'ghYef`ac
 j ^H_'`a].sdeffghYef`ac `ab j +:tXeYef`ac$tX^¤ef^'cWtX^HWNghssde_'ghYef`acW
¼Ebd^Hf¼Ebd^W`aeY, ^'cV~Ve j `accd^'].^'cEYtX^©_`@].]"bdcde_'ghYef`ac¶Wb j f^H¼Ebd^Hr_^:WtX^ j cdef[ j ^HW j ^Hs9`EW^HcEYH¦|r`hY j ^
gasds j `X_vud^gY'N].eW^.^Hc-bd~ j ^tdgacW^WUXWZY\['].^Nt. ^'Vs`@eµYvgYef`ac/%e]gh@^"bdcef¼Ebd^¾¿dÀnÀnÁ¹ÂÃ
¿dÄ
¡¹`@ctWb j Æ Á¢ÇÈnÉC Õ ^:W j HWbdµYvgYvWt bcd^0'~ghfbghYef`ac tX^s9^ j ¡¹` j ]gac_^:WW`acEYs j HW^'cEY:Wtdghc9W_^Y
g j Y\ef_'^@
1,Ï : Í )2   Wgabd~a^H@g j tX^(^Y j ^:WZYvghb j gY\e`@ctd^"sJ`aefc@YvWptX^ j ^Hs j efW^agasdsdfef_HgY\e`@cWrsg j gaf['f^HWH_'`E` j £










8 9 )4 ¤& )
Td_ef^'cEYe9_gasdsdfef_HgY\e`@cWg j ^`a¡¢Y^'cª]N^:WW\gh@^£ÛsgaW\Wecdsg j gaf^'ghsdsdfe_'gY\e`@cWeYuª`@cd©^X^:_bXY\e`@c
Y\e].^@`Pab9g j ghcEY^H^.Yud^He jNj ^Hegh^^'X^H_bdYef`ac
¡¨ghbµYY`af^ j ghc9_^].^H_vu9ghcdeW]Wg j ^cd^'^:tX^HtªWefc_^
gasdsdfef_HgY\e`@c^'V^:_bXY\e`@cNYef]N^p].gFU9^ j ^:gY\^ j Yu9ghcNYud^p]N^:ghcNYef].^rJ^¡¹` j ^3¡¨gheffb j ^¬S­©®3¯°C`h¡RYud^
_'b9WZY\^ j 
m Y j gatXeYef`ac9gh@gasds j `@g@_vueW_vud^H_v²VsJ`aefc@Yghct j ^HWY\g j Y
].^:_vughcdeW].WH3u^WY\gY\^ `a¡XYud^s j `@ j gh]7efW
sJ^ j ef`Vtdef_HghfU(WgF~@^Ht`acWZYvghdf^WY` j gaa^ktXb j efcdr^X^:_bXY\e`@c;:ud^'cg¡¨gheffb j ^ `V_H_b j WHHY\ud^_'`a].sdbXYvgY\e`@c
eWWuEbdYptX`cgactYud^s j `a j ga] efW j ^HWY\g j Y\^Ht¡ j `@] Yu^fg@WZYr_vud^:_v²EsJ`aefcEYH
q c»Y\ud^Pg j ^:g `h¡W_'e^HcEYe9_©_`@].sdbXYefcd9s j `@ j gh].].^ j W.bWb9ghfU«e].sdf^'].^'cEYghsdsdfe_'gY\e`@c»WsJ^£
_'eµJ__vud^H_v²VsJ`aefc@Y³ j ^HWY\g j YN]N^:_vughcefW]W.udef_vu¦g j ^ecEY\^' j gY\^Ht«ec¶Y\ud^©ghsdse_'ghYef`ac¦W`@b j _'^_'`XtX^a
` j ^'f^HgF~a^tX^H~a^H`@s9^ j W¡ j `a] Yud^b j td^'c Y`P].gacgh@^N¡¨ghbdYY`@^ j gacEYefW\Wb^HWHghc$gasds j `@g@_vueW(Y`
ef].sdf^'].^'cEY_vud^:_v²Vs9`@ecEY±³ j ^:WZYvg j Y(WY j gY\^'@e^:W(ec Y\ud^_`@]N]bdcde_'ghYef`ac ^'cV~Ve j `ac]N^HcEY\WWb_vu§gaW­ i q
gact i · ­2`acuef_vu¤]N^:WW\gh@^£ÛsgaW\Wecd9gaW^Htgasdsdfef_HgY\e`@cWg j ^¥gaW^Ht
 Ô `^H~a^ j  j ^:_`@]Nsefec"` j
j ^'fefcd²VecdNY\ud^ghsdsdfe_'gY\e`@c¤eW`a¡¢Y^'ccd^H^HtX^:tn
¸^s j `asJ`@W^gcd^H ghsds j `@g@_vuuef_vuª_'`acWeWZYvWec§ef].sdf^'].^'cEYefcd_vud^H_v²VsJ`aefc@Y³ j ^HWY\g j Y(].^H_vuX£
gacdeW]W(¡¹` j sg j ghf^H ghssde_'ghYef`acWg@Wsg j Y`h¡rg_'bWY^ j TVefcdaf^TVUXWY^'] q ]gha^©¬>TdT q °"½¥sJ^ j gY\ec
TXUVWY^H] ¬>½(Td° m TdT q `asJ^ j gY\ecWUXWY^H]@e~@^HWY\ud^"effbWef`acY\ugY(g_fbWY^ j efWgWecaf^"]"bµY\es j `h£
_'^HW\W` j ]ga_vudefcd^a q Ys j `~VetX^HWY\ud^¥W\gh].^efc@Y\^ j ¡¨ga_'^pgaWkgY j gatXeYef`acgad`asJ^ j gY\ecWUXWY^']Å¡¹` j ghcTX­ i
]g@_vudec^eYu.W`a].^gatdtXeYef`ac9ghV¡¹bdc_Yef`acgaeYef^HWCWb_vu.gaWs j `X_^:WW].e j ghYef`ac
¾¿dÀnÀnÁ¹ÂÃ
¿dÄ=<f>ghc9t
½¥sJ^'cJTdT q <è6>Xg j ^kYZ`r^dgh].sdf^HW`h¡Wb_vu"WUXWZY\^']WgaW^Ht`@cÆ Á¢ÇÈnÉC½¥b j _`@cEY j edbdYef`aceWgac^VY\^'cX£
Wef`ac`h¡Y\ud^(ecEY\^ j ¡¨ga_^(`a¡ghcTdT q `asJ^ j gY\ecNWUXWZY\^'] ¡¹` j _'b9WZY\^ j W3eµY\u_vu^H_v²Vs9`@ecEY³ j ^HWY\g j YWUXWZY\^']
_HghffW¡¹` j sg j gaf^'
gasdsdfef_HgYef`ac9W'k¸»uef^(Yud^"e].sdf^'].^'cEYvgYef`ac`a¡_vud^:_v²Vs9`@ecEY±³ j ^:WZYvg j Y].^:_vughcdeW].W
eW].` j ^_`@]Ns^'gY¥²a^ j cd^Hn^H~a^'
YugacghYrbW^ j f^'~@^'>XYudeWpgasds j `@g@_vus j `~VeftX^:W¡¹bdf
Y j ghc9Wsg j ^Hc_U
¡¹` j gasdsdfef_HgYef`ac9Wpghc9t]N^:WW\gh@^£ÛsgaW\Wecd_'`a].]"bdcef_HgYef`ac^HcE~Ve j `@cd].^'cEY\WrYud^HU j ^'fU`ac
r¸»eYu`ab j
gasds j `@g@_vu
^H@g@_U"gasdsdfef_HgYef`ac9W'hu9gY^H~a^ j Yud^p_'`a].]"bc_'ghYef`acNef j g j UYud^HUb9W^@@_`@bdtJ^r_vud^:_v²@£
sJ`aefcEY^:t¤eYu`abXYr_vugacdaefcdNYud^ecg j U@
q cY\udefWrsghsJ^ j d^s j `@s9`EW^(cd^HBWUXWZY\^']_HghffW¡¹` j Y j ghc9Wsg j ^HcEY3].^:WW\gh@^£ÛsgaW\Wefcdsg j ghf^H
ghsX£
se_'ghYef`acW3_vud^:_v²EsJ`aefcEYefcdNecYu^¾¿ÀnÀnÁ¹ÂÃ
¿Ä§TVecaf^TXUVWY^H] q ]gh@^_'bWY^ j ½¥s9^ j ghYefcdTVUXWZY\^']
< 6>Ûk3ud^ps j `@s9`EW^:tecEY\^ j ¡¨ga_^ghf`rWWUXWY^H] efcdeYegY\^Ht_vu^H_v²Vs9`@ecEY\ecd9­©` j ^'`~a^ j a¡ j `@] Yud^eftd^'cX£
Y\eµ9^ j `h¡ *&
 s j `X_'^HW\W`a¡Jg¥sg j ghff^'Vghsdsdfe_'gY\e`@c
hghfVYu^`@XlZ^H_Y\W3¬¹s j `X_^:WW^HWHhtdghY\gWZY j ^:gh]W\°cd^H^HtX^:t
Y\`.9^_vud^:_v²Vs9`@ecEY^:t¡¹` j Yud^u`af^s9g j ghf^HRgasdsdfef_HgY\e`@cg j ^tXeW_'`~a^ j ^:tn
3ud^ j ^H]ghefcdec©`h¡Y\udefWsgas9^ j eW"` j Eghcde@?'^:tg@W¡¹`@f`rWATV^:_±Yef`acª©s j ^HW^'cEY\Wgga_v²V j `@bdct
`@cª].^H_vu9ghcdeW]W"¡¹` j _vud^H_v²VsJ`aefcEYefcdPsg j gaf^'3ghssde_'ghYef`acWNghc9t§¡¹` j _vud^:_v²EsJ`aefcEYefcdPs j `X_^:WW^HWefc
ÆÁ¢Ç
ÈnÉ`asJ^ j gYefcdWUXWY^']CTV^H_Yef`acN¥tX^:W_ j efJ^HWYud^3tX^:Wefac`h¡9].^:_vughcdeW].W^ugF~@^ efcEY^' j ghY^:tefc
¾¿ÀnÀnÁ¹ÂÃ
¿Äefc` j td^ j Y\`¥ef].sdf^'].^'cEYkgp_'`E` j tdecghY^:t_vud^H_v²VsJ`aefcEYefcd¥WY j gY\^'aU¡¹` j ].^HW\W\gha^'£>s9gaW\Wefcd






3u^ j ^pg j ^rW^H~a^ j gaWZY j ghY^Haef^HWHhef²a^¥_`V` j tXefcgY\^HtN` j bdc_`V` j tXefcghY^Ht._vud^:_v²Vs9`@ecEYefcds j `aY`X_`@fWHhf`ah£
9gaW^Ht©s j `aY`X_`@fWHY\`ghf` j `af9ga_v²³ j ^H_'`~a^ j U`h¡]N^:WW\gh@^£ÛsgaW\Wecdsg j ghf^Hgasdsdfef_HgY\e`@cW'3u^'U
tdeR^ j `ac©Yud^.3gFU¤Y\ud^'U]gacgh@^"tX^'sJ^'c9tX^'c_'e^:W(ec9_b j\j ^:tVU©_`@]N]bdcde_'ghYef`acWp9^'YZ^H^'c©Y\ud^ghsX£
se_'ghYef`acs j `X_'^HW\W^:W Y\`.abg j gac@Y\^'^¥YughYpgNaf`agaR_'`acWeWZY\^'cEYrWZYvgY^_Hghc9^ j ^HWY` j ^:t < B>Û
o ^:_^Hc@Y\Ugf`hY`h¡
` j ²"ug@WkJ^'^HctX`ac^rY`"ecEY j `XtXb_'^r¡¨ghbµYY`af^ j ghc9_^].^H_vugacdeW]Wkefcsg j gaf^'
s j `@ j gh].].ecdp^'cV~Ve j `acd].^Hc@YvW'hWb_vuNgaW­ ikq ghct ik· ­$bW^:t"efcYud^tX`@].gaec`h¡Jude@u"sJ^ j ¡¹` j ]ghc_'^
_'`a].sdbXY\ec
3ud^.@`@ghC_`V` j tXefcghY^Ht_vud^H_v²VsJ`aefcEYefcd¤WY j gY\^'aUu9gaW9^H^'ce].sdf^'].^Hc@Y\^Htefc¯9gheffW\g¡¹^ ik· ­
<èy >ÛV´`X´ud^H_v² < 	6>ÛETEYvg j 9Wu1< z >Û@­ i q ´ Ô £ · ´  < 
>Û@¯p´ £´ug j ] < 6>9ghc9t  m ­³h­ ikq <:>Û3ud^
i g j eWTVb9tbdcdef~a^ j WeYZUug@Wkef].sd^H].^'cEY^:t`hY\ud^ j W W\_vud^H]N^Wb9_vugaW s9^:WWe].eWZY\ef_ <@>
ghct_'ghb9Wga.<f: >
f`a@aefcd Ô `^'~@^ j k_`a].sg j efcdYud^:W^tXeR^ j ^'cEYWZY j ghY^'@e^:WYud^HU$ugF~a^Wud`cªefc <F >YughYYud^
_'`V` j tXec9gY^:t_vud^:_v²EsJ`aefcEY3W\_vud^H]N^`R^ j WYud^(J^HWYr_`a].sdf^XeYZUs9^ j ¡¹` j ]gac_^pY j gatX^'£>`efc_fbWZY\^ j W'
 WefcdY\ud^HW^¥_'`a].]"bcdef_HgY\e`@cef j g j e^:W' j ^HdbdefftXefcd` j j ^'fec²EefcdY\ud^ps9g j ghf^H9ghssde_'ghYef`aceW `a¡¢Y^Hc
c^'^Htd^Htn
3ud^:W^^HcV~Ee j `acd].^'cEYvW j ^'fU`@c¤s j `X_^:WW_vud^:_v²Vs9`@ecEYefcdN].^H_vugacdefW]WY`W\gF~a^¥Yud^WY\ghY^(`h¡^Hg@_vu
s j `X_^:WW`h¡gPsg j gaf^'gasdsdfef_HgYef`ac$`§_vud^:_v²EsJ`aefcEYNgs j `V_'^HW\WghY`asJ^ j gYefcdWUXWY^'] f^'~@^'ghc9t
eYu`abXYp].`XtXe9_'ghYef`ac`h¡Yu^"W`@b j _^_`XtX^@dYu^ j ^efWrg.etX^ j ghca^(`h¡CgF~gheffgad^fef j g j ef^HWWb_vugaW
´`@ctX` j <:6>3` j"Ò sJ_v²VsXY <B>Û q c$` j tX^ j Y`WgF~@^ghct j ^:WZY\` j ^.Yud^WZYvgY^¤`h¡rg©s j `@ j gh]gPeftX^
j ghca^`h¡WUXWZY\^'] _'ghfWg j ^ecEY\^ j _^'sdY^Ht¦efc` j tX^ j Y`ª²a^'^Hs¶Y j ga_v²ª`a¡(Yud^s j `@ j gh] WY\ghY^ª¬SWb9_vu
g@W(].^'].` j U©]ghsdsJ^Ht j ^'@e`@cWghct`asJ^'cf^ugactXf^HWv°±¤TV`@].^WUXWY^']W_HghffW_Hghc 9^.¡¹` j eftdtd^'c

q c¶gatdtdeµY\e`@c
CbW^ j £>f^'~@^'_vu^H_v²Vs9`@ecEY³ j ^HWY\g j Y].^H_vugacdeW]WN_'ghccd`hY j ^:WZY\` j ^¡¹` j ^dgh].sdf^s j `X_^:WW
W^HW\We`@cetX^'cEYe^ j 
®  ´ o <f:y>efW g(s j `alZ^H_Yk`h¡R²a^ j cd^Hµ£Û^H~a^HXs j `X_'^HW\WC_vud^H_v²VsJ`aefc@Y\ec¥¡¹` j Yu^¥Æ Á¢Ç
È
É¤²@^ j cd^'>®  ´ o
_Hghcª_vu^H_v²Vs9`@ecEY"J`hY\u j ^'@bdfg j ghc9t$]"bµY\eµY\u j ^:gatX^:t¬¹sdYu j ^Hg@tdW\°s j `a j gh]Wu`^H~a^ j eµYtX`V^HWcd`hY
WbdsdsJ` j Y¤_vud^:_v²Vs9`@ecEYefcd$gact9³F` jj ^:WZY\` j ec§`h¡s j `V_'^HW\WbWec$`asJ^'cp´ i ³ q i ` j Ç
ÁÉMtX`@]ghefc
W`X_v²a^'Y\WH|r^H~a^ j Y\ud^'f^HW\W'@®  ´ o Wbdss9` j YvWkgatdtdecd0 _'gafg@_v²VWFY`b9W^ j £Û^H~a^Hd_`XtX^a@ude_vu.g j ^_Hghf^:t
u^'cg_vud^:_v²EsJ`aefcEYCefWghJ`abXYCY\`9^ps9^ j ¡¹` j ].^Ht
@ghc9tu^'ceY efW j ^:WZYvg j Y^Ht¬¹` j _'g jj ef^HW`acgh¡¢Y^ j Yud^
_vu^H_v²Vs9`@ecEY±°±3uefWpefWu`B­ i q _`a].]bdcde_'gY\e`@c_'ghcJ^ugactXf^HtVUY\ud^¡¨ghbµYrY\`af^ j ghcEYr~a^ j Wef`ac
`a¡  m ­³h­ ikq 
TVefcd@^¥TXUVWY^H] q ]gaa^`asJ^ j gY\ecWUXWY^']WtX^HtXe_'ghY^:t"Y\`"_fbWY^ j W ugF~a^ j ^H_^He~@^Ht.gf`hY `a¡necEY^ j £
^:WZYCefcNYud^r_'bWY^ j _`@]N]bdcdeYZUa3ud^HW^3`asJ^ j gY\ecdWUXWZY\^']Waf`agafU]ghcgaa^ghfX`asJ^ j gY\ecWUXWZY\^']
j ^HW`ab j _'^HWkWb_vug@W s j `X_^:WW^HWHa].^'].` j UW^'a].^Hc@YvW'VtdghY\g"WY j ^Hga]W'@f^HWHaY\uEb9W^:gaWec"_fbWY^ j bW\gh@^
gactNs j `a j gh].].efcd½¥sJ^'cJTdT q < >9ghct¾¿dÀnÀnÁ¹ÂÃ
¿dÄ <>9g j ^YZ`(^dga]Ns^:WC`h¡nWb9_vu.WUXWZY\^']WCg@W^:t
`@c©Æ Á¢Ç
ÈnÉk  ^H@ga_'U­ ikq ghssde_'ghYef`acWptX^HWe@cd^Ht¡¹` j ]"bdYefs j `V_'^HW\W` j ].g@_vudefcd^HWr_Hghc9^"^X^H_'bXY^:t
`@c_'b9WZY\^ j W3eµY\ud`abXYpgacVU].`Vtdeµ9_HgY\e`@c` jj ^:_`@]NsegY\e`@c
 ½¥b j a`EghRefWY`.ecEY\^' j gY\^(sg j ghf^H
ghsX£
se_'ghYef`acW3_vud^:_v²EsJ`aefcEY±³ j ^:WZYvg j Y ].^H_vugacdefW]WecWb9_vu¤ghc¤`asJ^ j gY\ecd.WUVWY^H] ¡¹` j ¡¹bdfRY j ghc9Wsg j ^Hc_U













							 ! #"%$"'& ( ) %
	
(*+	 !  (,+ &  " -.		/103245
(*+	 67  (, &8$  -.		/103245






¯e@b j ^NA o ^HWY\g j YbW^ j £>efcEY^ j ¡¨g@_^^dgh].sdf^
A B 3 DC
½¥b j ` j ²ghef].W(ghY]gh²Vefcd_vud^H_v²VsJ`aefc@Y\ec¤ghc9t j ^HWY\g j Yefcd¤]N^:WW\gh@^£ÛsgaW\Wecdgasdsdfef_HgY\e`@cW^HgaWUa
q c_`@c@Y j g@WZYY`^XefWYefcdNs j `hlZ^H_Y\WHaY\ud^¡¨ghbdYY`af^ j ghc9_^p].^:_vughcdeW].Wg j ^p^HcEYe j ^HU.ef]Ns^H]N^HcEY^Ht¤efc
Y\ud^½(T¡¹` j ghssde_'ghYef`acWgact¤ef j g j e^:WefctX^Hs9^HctX^Hc_^@
¸^.ugF~a^"td^cd^:tPgact©ef].sd^H].^'cEY^:tPg_`a].]ghc9tV£>fefcd^"bW^ j efc@Y\^ j ¡¨ga_'^ang3gFU¤Y` j ^'Y j e^H~a^"ga
s j `X_^:WW^HW3`a¡kgsg j ghff^'
ghssde_'ghYef`ac¡ j `a] *&
 `a¡Y\ud^']Jaf`aga_`V` j tXefcghY^Ht_vud^:_v²EsJ`aefcEYefcdghc9t
j ^HWY\g j Y\ecs j `hY\`X_`aWH¯efcghfU@XYu^ j ^:WZY\` j gYef`ac`h¡`asJ^'cWZY j ^:gh]W3ugaW3J^'^Hc j ^:ghfe"?H^Htn
EGFIH JLKNMPORQTSVUXWZY\[^]_M.`aKNb c3deKNfhgDijUTOkST`ml5noKNM.`aYqpa`9r.S^`aKphWYsftK
3u^_vud^:_v²EsJ`aefcEY±³ j ^:WZYvg j YrecEY^ j ¡¨g@_^]bWYJ^We].sdf^.ghct^:gaWUY\`bW^a(3uVbW¥^ugF~a^"_vu`@W^'cY`
b9W^Yu^Wga]N^(efcEY^ j ¡¨ga_'^¡¹` j sg j gaf^'nghssde_'ghYef`acWgactW^:¼@b^'cEYeghns j `X_^:WW^HWH
`r_vud^H_v²VsJ`aefcEYghcghsdse_'ghYef`ac
H^kWbda@^HWYnYud^¡¹`@f`efcd_`a].]ghc9tV£>fefcd^CecEY\^ j ¡¨ga_^Duvxwxuy.zx{}|	~a
 {zat|{~tzt|Jz'|J^'efcd(Yu^ps j `X_^HW\WetX^'cEYe^ j `h¡ *&
 `h¡RYud^psg j ghf^Hdghsdse_'ghYef`ac.s j `V_'^HW\W^:W'
½¥sdYef`ac	zah{xuwxPa{~}ª¬¨` j 	zd°Ngaf`rWY\`§_vud^H_v²VsJ`aefc@Y.`acUªgW^H¼Ebd^'cEY\efgas j `X_^:WWHª¸»eYu`abXY
Y\ud^`asdYef`ac
XY\ud^sg j gaf^'
gasdsdfef_HgY\e`@c¤¡ j `acEY\e^ j efWr_Hgh_bdgY\^HtgaWrtd^HW\_ j eJ^HtefcTX^H_±Y\e`@c©dèX½pY\ud^ j
`@sXYef`ac9W^'cgadf^Y`_vu`E`EW^Y\ud^"WY` j gh@^(]N^:tXeg©¬Rtw}|s}|y_mwt{mh°±aY`g@tdtg_vud^H_v²VsJ`aefcEY
td^HW\_ j esXY\e`@c¬I@	PwxPut|1zat|{~F°ghc9tY\`._ j ^:gY\^gN_vud^H_v²VsJ`aefcEYude_vuefW3^'VsJ` j Y\gadf^pY\`.gacd`hY\ud^ j
_'b9WZY\^ j ¬Rw.zx{Ph}.wV°
m 3gFU¡¹` j sJ^ j e`XtXe_'gafUP_vud^:_v²Vs9`@ecEYefcdghc ghsdse_'ghYef`acefW(Y\`fgabdc_vueµYeYuYuefWefcEY^ j ¡¨g@_^ A
hwax|}wa.P~  {zat|{~t	zhw.t|{}|ua|PPhu{Pt~hJ  9^Hecg¥sgYY^ j c`h¡sJ^ j e`XtXe_eYZUghc9t
u{Pt~hp9^HecdpYud^bdcd].`XtXe^HtN_`@].].gact(Y\`pghbdc_vu"Yud^3ghssde_'ghYef`ac





3ud^bW^ j _'ghc_vud`V`@W^CYud^3_vud^:_v²EsJ`aefcEY¡ j `a]Mude_vuY` j ^:WZY\` j ^CYu^ghssde_'ghYef`acefcgpeWYWud`ec







`a¡Jgacghssde_'ghYef`ac¡ j `a]MY\ud^3sdet`h¡ *&
 `h¡dY\ud^'] VUf`V`a²Vec
ghY3egY\e`@cefcd²XWghct_`@].]"bdcde_'ghYef`acWZY j ^:gh]W3efc¤` j tX^ j Y`_vud^:_v²EsJ`aefcEYrgs9g j ghf^HRgasdsdfef_HgY\e`@c

q cªgTdT q _fbWY^ j ½(T Wb_vu$gaWN¾¿dÀnÀnÁ¹ÂÃ¿dÄCCs j `X_^:WW^HWgact$WY j ^Hga].W"_'ghc§J^].ef j gY\^Ht <f 	6>
¡ j `a] `@cd^cd`XtX^Y`.ghcd`aYud^ j kTV`Yud^tXeR^ j ^'cEYs j `X_'^HW\W^:W `a¡gNsg j ghf^HJgasdsdfef_HgY\e`@c¤_'gacJ^Ws j ^Hg@t
`@c]ghcVUcd`XtX^:W'X^H~a^Hce¡Yu^ j ^g j ^¥fefghYef`acfefcd²XW39^'YZ^H^'cY\ud^(s j `V_'^HW\W^:W' m s j `V_'^HW\Wd_ j ^:gY^:t
VUYud^a{.PyWUVWY^H]_Hghfn¡ j `@] s j `X_^:WW # deWpg * `h¡s j `X_'^HW\W #  q ¡ # gact g j ^cd`hY j bdcdcecd
`@cPY\ud^Wga].^Nc`Vtd^aeWg 
 * 
 W`ac`h¡s j `X_'^HW\W # ^HfW^ eWg !"* (! W`ac`h¡3s j `V_'^HW\W #  q ¡g
s j `X_^:WW + eWrg.W`@c¤`a¡r + efWg 7
(




_HghsgadefeYZUa m s j `X_^:WW¤_'ghs9ghdefeYZU <z>(efWg$s j `X_^:WW¤gYY j edbdY^©Y\ugY_'gacJ^W^Y:rbdcW^Y:¥ghc9t
efcdud^ j eY^:tnr®U¤tX^'¡¨ghbdYHRgs j `X_^:WWrtd`E^:Wrcd`aYpugF~@^(Yud^¥Ã
¿%Á¢Ç& #"$@¿_HghsgadefeYZUude_vu©_'gac
J^^Hcghdf^HtVUg_`@]N]gactefcd^¡¹` j ^Hg@_vus j `X_^:WWr`h¡kghsdse_'ghYef`acWghbc_vud^HtgY\^ j ¡ j `a] gWu^'fS
q ¡CgNs j `V_'^HW\W3tX`V^HWcd`aYugF~a^¥Yud^'¥Ã¿Á¢Ç& #"%$E¿_'gasghdeffeµYZUeYref
c`hY9^_vu^H_v²Vs9`@ecEY\^Htn
m s j `X_^:WWude_vu.cd^'^:tdWY`J^r_vud^:_v²EsJ`aefcEY^:t"dbdYkud`@W^¡¨gYu^ j s j `X_^HW\WeWCcd`hYk_vud^:_v²Vs9`@ecEY\gadf^
eW g -
 7 ** ¬¢¡¹` j ^dga]Ns^@@s j `X_^:WW^HWppghct4Bec¤¯efab j ^¥udef_vu¤Wud`rWgsg j gaf^'Jghsdsdfe_'gY\e`@c
Y\`9^_vud^:_v²Vs9`@ecEY^:t°± m s j `X_^:WWud`EW^¡¨gY\ud^ j eW j ^'].`hY\^.gactcd^'^:tdWY`J^_vud^H_v²VsJ`aefc@Y\^HtefWg
!@*(!$* * ¬¢¡¹` j efcWZYvghc_'^aVs j `X_^HW\Wzec¯efab j ^¥d¸^_'ghff^Ht )(*  $!')(	)* g`X_'ga j `V`hY s j `X_^:WW
gactghfneµYvW`X_Hgh
tX^:W_'^'ctdgacEY\WH
¯ j `@] *$
 `a¡¥Y\ud^Pgasdsdfef_HgYef`ac¶s j `X_^HW\W^HWHkY j gF~a^ j Wefcdf`X_'gapghct j ^'].`hY\^egY\e`@c¶Y j ^'^©ghc9t
_vu^H_v²VecYud^¥Ã
¿Á¢Ç+! #"$@¿_'ghs9ghdefeYZUaE^rct *&




Y\udeW3s j `X_'^HW\WkY\`"Y\ud^¥feWZY`h¡s j `X_'^HW\W^:WCY`
J^_vud^:_v²EsJ`aefcEY^:tn
¸»ud^Hc«gs j `X_^:WW"`h¡Y\udefWfefWYeW"ghYY\g@_vud^Ht§Y`PgWZY j ^:gh]-, ^_vud^H_v²e¡Yud^¤`hYu^ j s j `X_'^HW\W^:W
ghYYvga_vud^:tY`.,g j ^ gh j ^HgatdU¥efcYu^fefWYH Ò W^@eµ¡ds j `X_^:WW^HWugF~a^kYud^/¥Ã
¿%Á¢Ç& #"$@¿"_'ghs9ghdefeYZUa
^p@`"bds¤ecYud^f`V_HghRghct j ^H].`hY^pfefghYef`acY j ^H^¥f`V`a²Vec¡¹` j ghc`hYu^ j u^Hgat j `V`aYs j `X_^HW\WH q ¡eY3efW
Y\ud^Wga].^¥ud^:gat j `V`hY:XWZY j ^:gh]0,$_'gacJ^efac` j ^Htefc¤Yud^(sg j gaf^'Rghsdse_'ghYef`ac¡ j `acEY\e^ j _Hgh_bdgY\e`@c
J^H_HghbW^keYeW j ^HtXbctdghcEYeYuegY\e`@c
 q c¯efab j ^dWZY j ^:gh]1,32"efWe@cd` j ^Htefc¡ j `@cEYef^ j _Hgh_bdgY\e`@c
efc_`@c@Y j g@WZY3eYuWZY j ^:gh],4a
EGF E ORKNphYqpxfxd OIftY	 c%UDUXp%5eOISeY `PK5 c d_KNfxg ijU^OIS^`,YsS/5 noKNM.`aYqpa`
6#786#7:9 ; ÏÏ Ð<:=X Ë Ð¦?> Ë A@B Ï <:=R
3u^_vud^:_v²Vs9`@ecEYefcds j `hY`X_'`aefW.tXef~VeftX^:tªefc«Yu j ^'^WZY\^'sW3A ¬ZF°Y\` j ^Y j ef^'~@^¤ga3s j `X_^HW\W^HW`h¡¥gac
gasdsdfef_HgY\e`@c¶gactª]ga²a^Yud^H]W^H^'sdefcd efc¶` j td^ j Y`$WY`@s¶_'`a].]"bdcef_HgYef`ac9W'¬Sa°Y\`$_vud^H_v²VsJ`aefcEY
Y\ud^']¬S@°Y\`._'`a].].eµYY\ud^_vud^:_v²EsJ`aefcEYe¡kWb9_'_^:WW¡¹bdfS
|p`s j `X_^:WWug@Wg_`a].sdf^Y\^.²Ec`^:tXa^N`h¡s j `X_'^HW\W^:W¥efcV~a`@~@^HtefcYud^_vud^:_v²Vs9`@ecEYH.¯ j `a] g
j `V`hYs j `X_'^HW\W'V^_Hg j ^¥ghJ`abdYgud`@^(WbX£Ûgasdsdfef_HgY\e`@cghct j ^H].`hY^(W`acW`h¡Yud^WbdX£ ghsdsdfe_'gY\e`@c


























¯e@b j ^A m s9g j ghf^HRgasdsdfef_HgY\e`@c j bdcdcdefcd.`ac©¾¿dÀnÀnÁ¹ÂÃ
¿dÄ
¯e j WY`h¡ga>
Y\ud^.sg j ghff^'Cghsdse_'ghYef`ac¡ j `@c@Y\e^ j efW_Hgh_bdgY\^HtnnY\ud^'c ghfYu^ghsdsdfe_'gY\e`@cPs j `h£
_'^HW\W^:W
ugF~@^C9^H^'cNWZY\`asdsJ^Ht j ^H_'^'ef~Vecd¥grWefac9gh>3ud^'cF¡¹` j Y\ud^3Wga²a^C`h¡_vu^H_v²Vs9`@ecEY\ecdps9^ j ¡¹` j ]ghc9_^a
grs j `X_'^HW\Wghc9t(eµYvWf`X_'ghEtX^HW\_^Hctdgac@YvWg j ^ _vu^H_v²Vs9`@ecEY\^Htec"sg j ghf^HaeYu j ^'].`aY^ tX^:W_'^'ctghcEY\W¬¨ghc9t
Y\ud^'e jj ^'gYef~a^(fec^`a¡td^HW\_^'cEY±°±
¸»ud^Hc j ^H_^He~Vefcd$g$WbdX£ ghsdse_'ghYef`ac»_vud^H_v²VsJ`aefcEY j ^:¼@b^HWY¡¹` j g `X_'ga j `V`hYs j `X_^HW\W  cd`@c
`X_v²VecNs j `X_^:WW3_vud^:_v²Vs9`@ecEY j ^:¼Ebd^HWY\Wg j ^W^'cEY¡¹` j ganeY\Wf`X_'gatX^HW\_^Hctdgac@YvWghct¤cd`@c`X_v²Vec
WbdX£ ghssde_'ghYef`ac"_vu^H_v²Vs9`@ecEY j ^:¼@b^HWY\W¡¹` j ghfEYud^ j ^'].`hY\^W`acW`h¡Yud^:W^s j `V_'^HW\W^:W'¸»ud^'cs9`EWeYef~a^
j ^'sef^HW¡ j `a] gakYud^tX^:W_'^'ctghcEY\W(ugF~@^J^'^Hc j ^:_^'ef~a^:tngsJ`@WeµY\e~@^ j ^HsdUPefWW^'cEY(¡ j `a]  Y`eY\W
W`afe_eY` j ¬¹f`X_'gak_vud^H_v²VsJ`aefc@Y(_`@]N].eYv°¸»ud^HcgaCu^Hgat j `V`aYs j `X_^:WW^HW¥ugF~a^Nf`V_HghfU©_'`a].].eµYY^:t
Y\ud^'e j _vud^:_v²EsJ`aefcEYHVY\ud^_vud^H_v²VsJ`aefcEY3eW¡¹bdfU_`@]N].eYY\^Htn
m Wpf`X_'gh j `E`aYps j `X_^HW\W^HWpg j ^_`V` j tXefcgY\` j W¡¹` j Yud^He jj ^:WsJ^H_Yef~a^"Wbdgasdsdfef_HgY\e`@c
Y\ud^_'`V` j tXeµ£
c9gYef`aceW3ude^ j g j _vuef_Hgh>
6#786#7  Ë ':XF
¯` j ^Hg@_vu j ^:WZYvg j Y^:ts j `V_'^HW\W  J^N].ga²a^cd`acd`X_v²Vefcd j ^H¼Ebd^:WZYvWrY\` j ^HWY` j ^"gaf`X_'ghW`acW`h¡ 
gact$W^'ct$cd`ac$`X_v²Vec j ^:¼Ebd^HWY\W"Y` j ^:WZY\` j ^Yud^WbX£Ûgasdsdfef_HgY\e`@cW`a¡rudef_vu$Yud^`X_Hgh j `V`hYefW
g j ^'].`aY^W`ac`h¡  3u^.¡¹`af`efcdWZY\^'s$_'`acWefWY\Wec 3gheYefcd j ^Hsdfe^:W(¡ j `@] Y\ud^tX^HW\_^Hctdgac@YvW(Y`
_'`a].].eµYY\ud^ j ^:WZY\` j gY\e`@c
 o ^HWY\g j Yefcd.J^'aefcW3eYuYu^ghsdsdfe_'gY\e`@c¤u^Hgat j `E`aY\W3s j `X_^:WW^HWH
®^¡¹` j ^_vud^H_v²VsJ`aefc@Y\ec's j `X_^:WW^HW
ugF~a^CJ^'^Hc"tX^'s`U@^HtVUpY\ud^¾¿dÀnÀnÁ¹ÂÃ
¿dÄaf`agaY\g@W²(W\_vud^HtV£
b^ j ` j VUY\ud^s j `a j gh].].^ j C3ugYeWuVUs j `X_^:WW^HW3g j ^ j ^:WZYvg j Y^:t`@cY\ud^'e j ` j efaefcghR^X^:_bXY\e`@c
c`Vtd^a
e¡sJ`@W\Wefdf^aRY\` j ^HWsJ^H_±YYu^N` j efaefcgatX^Hsdf`UE].^Hc@Y: Ô `^H~a^ j ngYYud^NY\e].^.`h¡ j ^:WZY\` j gYef`ac













¯efab j ^A i g j ghf^Hkghsdse_'ghYef`ac9^'¡¹` j ^.gact g¡¢Y\^ j g j ^:WZY\` j gY\e`@cPeYu¡¹^'^ j cd`XtX^:W¬¨|p`Vtd^efW
`@bXY`h¡` j tX^ j °
Y\ud^'e j sg j ^HcEYrs j `X_'^HW\W' ¯efab j ^Wud`rWghc^'Xga].sd^`a¡gacghsdsdfe_'gY\e`@cs j ^H~Ve`@bWfU j bdcdcdefcd`@c
c`Vtd^HW3ude_vuefW j ^HWY\g j Y\^Ht`@c`acdfU¤cd`XtX^HWH
EGF  9ijKNS [ `aphKYsb\M noKNM.`PUTphY `aOIUTS
¾¿ÀnÀnÁ¹ÂÃ
¿Ä s j `~EetX^:WtdgYvgWZY j ^:gh]W3eµY\u^VY j ^'].eYef^HWuef_vu_'gac9^].`~@^Ht¤¡ j `@] `@cd^cd`XtX^(Y`
gacd`hY\ud^ j ghc9tPg j ^"etX^Hc@Y\eµ9^Ht©VU©gbdcde¼@b^NcVbd]9^ j <f 
> "3uefWetX^'cEYe^ j ]gFUJ^Nga j ^Hg@tXUecbW^
ghY¥Y\ud^.Yef].^.`h¡ j ^HWY` j ghYef`ac
¸^.bW^.gWug j ^HtPugaWuEY\gh^N`acudef_vuYu^N²@^'UeWYud^.`@ftWZY j ^:gh]
etX^Hc@Y\eµ9^ j ghcttdgYvgeW¥Yud^.cd^HÅWY j ^Hga]%etX^Hc@Y\eµ9^ j ¸»ud^'c j ^HWY\g j Yefcd9Je¡g¤s j `X_^HW\W¥cd^'^:tdW¥Y`9^
ectd^HtY`gWZY j ^:gh]eY¥f`V`a²XWrghYrYud^`atWZY j ^:gh]eftX^HcEYe^ j ecY\ud^ug@WuEYvghdf^"ghc9teµ¡CeYtX`V^HWpcd`hY
^'XefWYH3gcd^' WZY j ^:gh] eW_ j ^HghY^:tn m YYud^^Hct¶`h¡ j ^HWY` j ghYef`acªYud^ug@WuEYvghdf^_Hghc¦J^©tX^'f^Y\^Htn
­©^Yu`VtWpbW^Ht©Y`¤dec9tPghc9tPtX^'Y\ga_vugs j `X_^HW\WY\`¤g¤WZY j ^:gh] ec_'g@W^`a¡ ].e j ghYef`ac©g j ^"Yud^.Wga].^
¡¹` j _vud^:_v²Vs9`@ecEY±³ j ^:WZYvg j YH m,j ^:WZY\` j ^Ht_`@].]"bdcde_'ghYef`ac©WY j ^Hga]%tX`V^:Wpcd`aY¥ef].sdUgacEU`~a^ j u^Hgat`@c
_'`a].sdbXYvgY\e`@cWec9_^Yud^ j ^eW3cd`.].^HW\Wgaa^¥¡¹` j g j tdecd9
  ¥"!¤)
m s j `hY\`hYZUVsJ^ug@W(9^H^'ce].sdf^'].^Hc@Y\^Htefc ¾¿dÀnÀnÁ¹ÂÃ
¿dÄ»TT q ½(T < > .3udeW(s j `hY`aYZUVs9^Nec9_fbtX^HWg
_vu^H_v²Vs9`@ecEY³ j ^HWY\g j Y¥b9W^ j £ÛecEY\^ j ¡¨ga_^¬¨W^'^TV^:_±Y\e`@c F°±
s9g j ghf^Hgasdsdfef_HgY\e`@cP¡ j `acEYef^ j _Hgh_bdgY\e`@c
¬SW^H^TX^H_±Y\e`@c¶ @°uef_vu¦tX`V^HWNcd`aY.U@^YNY\ga²a^_'g j ^`h¡¥WY j ^Hga].WHk`@s9^Hc¶WY j ^Hga].W j ^HWY` j gY\e`@c ¬¨W^'^
TX^H_±Y\e`@c$d BE°¥¡¹` j
	 {xuyhwWZY j ^:gh]W'af`agakudef^ j g j _vude_'ghk_'`V` j tXec9gYef`ac _vud^:_v²EsJ`aefcEYefcd©ghc9t
j ^HWY` j ghYef`acP¬SW^H^"TV^H_Yef`acd @°
3udeWNW^:_±Yef`ac§s j ^:W^Hc@YvW^XsJ^ j e].^Hc@YvW j ^Hgae@?'^:tPY\`P^H~Fgab9gY^`ab j ga@` j eµY\ud]W'Y`P]N^:gaWb j ^Yud^
WY` j gaa^kef].sga_YC`ac"sJ^ j ¡¹` j ]ghc_'^aFY\`~gaetdgY\^gasdsdfef_HgY\e`@c j ^HWY` j gY\e`@ceYud`@bXYCcd`XtX^ ¡¨gaefb j ^HWghc9t











 eFIH  GijKpxOkb@KNS^`PY	 c%UTS/5 O `hORU^SeM
Ò VsJ^ j ef]N^HcEY\gY\e`@cWNugF~a^9^H^'c¦tX`acd^bWec_'bWY^ j W`h¡(Y\` Bcd`XtX^HWN_`@].]"bdcde_'ghYefcdYu j `abd@u
Ò Yud^ j cd^'Y¥:a(­deY±³hW'C3ud^rc`Vtd^HW g j ^sJ^ j W`acga_`@]NsbXY^ j W eµY\u i ^HcEYefbd] qq ´ i  gactyXF(­©®
`a¡].^'].` j U@
3ud^¾¿dÀnÀnÁ¹ÂÃ
¿dÄ¶@`@ghYvgaW²PW_vu^HtXbdf^ j eWtXeWgad^:tPtXb j efcdYud^^'Xs9^ j ef].^'cEY\WHNTV`Y\ud^ j ^.efW










u`@WY\W3eY\Wsg j ^HcEYs j `X_^:WWH
´ud^:_v²Vs9`@ecEYefcdYef].^HW j ^HWbdµY¡ j `a] Yu^(gF~@^ j gh@^r`h¡Cy"_'`acW^H_'bXYef~a^].^HgaWb j ^'].^'cEYvW' o ^HWY\g j Y\ec
Y\e].^ug@W39^H^'c].^Hg@Wb j ^Ht¤g¡¢Y\^ jrj ^'J`V`hYefcdN^Hg@_vu¤cd`XtX^:W3`h¡Yud^_'b9WZY\^ j 
Õ b j ecd ^'VsJ^ j ef]N^HcEY\WH ]ghcVU$WY` j gh@^¤gasds j `@ga_vu^HWugF~a^9^H^'c¶bW^Htn¦3ud^|p¯CT¶_^Hc@Y j gae@?'^:t
W^ j ~a^ j bW^Ht$Y` WZY\` j ^¤_vud^:_v²Vs9`@ecEY"9^:W"eWN^VY^ j cga Y\`PY\ud^_fbWY^ j  ¸»ud^'c«Yu^_vud`EW^HcªWY` j gh@^
gasds j `@g@_vuefWYu^b9W^`h¡Yud^cd`XtX^HWf`X_'ghRug j t¤t j e~@^HW ¡¹` j ].ghYY\^Htb9WefcdYud^  4¤9^'£ÛWUXWZY\^']VYud^
_vu^H_v²Vs9`@ecEYf^HWp]"bWYpJ^]ghcVbgafU¤_'`asdef^Ht`ac©gacd`XtX^HWr`h¡Yud^WZY\` j gha^(J^¡¹` j ^Y\ud^ j ^HWY` j ghYef`ac
_Hghc¤Y\ga²a^(sdga_^@
 eF  noKNM	 `hM
q c7g  j WZY^'Xs9^ j ef].^'cEYH^PugF~@^©_`@]Ns9g j ^Ht«YZ`«_vud^H_v²VsJ`aefc@Y\ec$ghfa` j eYud]WAPY\ud^© j WY`acd^PefW
Y j gF~@^ j WefcdYu^Y j ^'^`a¡rs j `V_'^HW\W^:W¡ j `@] Y\ud^ j `V`hYgact§_vud^:_v²EsJ`aefcEY\W^:ga_vu§s j `X_^:WW`@cd^gh¡¢Y^ j Yud^
`aYud^ j aYud^rW^H_'`actN`@cd^efWkY j gF~a^ j WecpY\ud^3Y j ^'^r`a¡Js j `X_^:WW^HWHaW^'ctdecdc`ac.df`V_v²Vefcds j `X_^HW\WC_vud^:_v²@£
sJ`aefcEY j ^:¼Ebd^HWY\W.ghc9tªY\ud^'c¦3gheYefcd¡¹` j g@_v²Ec`^:tXa].^'cEYvW' m Wgasdsdfef_HgY\e`@c«s j `X_^:WW^HWg j ^tXeWZ£
s9gY\_vu^Ht¦`acYud^tXeR^ j ^'cEYcd`XtX^HW`h¡Yu^_fbWY^ j pW^'c9tXec$cd`ac d`X_v²Vefcdª_vud^:_v²EsJ`aefcEY j ^H¼Ebd^HWY\W
`J^ j W `h¡_'`ab j W^p9^'YY^ j3j ^:WbdY\W Yu9ghc3gheYefcd"W^H¼Ebd^Hc@Y\efgafUN¡¹` j ^Hga_vus j `X_'^HW\W _vud^:_v²EsJ`aefcEYH o ^HWbdY\W
¡¹` j gacghsdsdfe_'gY\e`@c_`@]NsJ`@W^HtN`a¡k 	(s j `X_^HW\W^HWkg j ^pWud`c.efc¯e@b j ^ B`"WYb9tXUWZY\` j gha^WUXWZY\^']
ef].sga_YH@^3ugF~@^bW^Ht.g(|p¯CTN_^HcEY j ghfe"?H^HtNW^ j ~@^ j ` j Y\ud^`X_HghdtXeW²"`h¡R^Hga_vu._fbWY^ j cd`XtX^a o ^HWbdY\W
td^'].`acWY j gY\^3Yud^¥ecEY\^ j ^HWY `h¡RYu^psg j gaf^'ga@` j eµY\ud]ÅgactWud`ªY\ugYeµYefWbW\ghdf^bWecdg_^Hc@Y j gaµ£
e@?'^:tf^"W^ j ~@^ j ½p¡k_`@b j W^adYud^"WY` j gaa^WUVWY^H]u9gaWrgace].sg@_±YHJW`eY¥Wud`abftJ^efc@Y\^ j ^HWYefcd.Y`
Y\^HWYreµYr`@cg.tXeWY j edbdY^Ht¤f^WUVWY^H]
m W^:_`ac9t¤^'Xs9^ j ef].^'cEYpug@W~ghfeftdghY^:t`ab jrj ^HWY\g j Yr].^:_vughcdeW] `ac©gN¡¹^H^ j cVbd]9^ j `h¡Ccd`XtX^:W'
m cghsdse_'ghYef`ac_`@cWYeYbXY\^Ht.`h¡C 	(s j `X_'^HW\W^:W j bdccdec`ac Bcd`XtX^:Wkug@WkJ^'^Hc_vud^H_v²VsJ`aefc@Y\^Htn3ud^Hc
Y\ud^gasdsdfef_HgY\e`@c©ugaW¥J^'^'c j ^:WZYvg j Y^Ht`@cXn` j B¤cd`XtX^HWp¡ j `a]Yud^.Wga].^_vud^:_v²EsJ`aefcEYHJbWecdYud^
f`X_'gadtXefW²`a¡J^:ga_vu_'b9WZY\^ j cd`XtX^` j Yud^^'EY\^ j cghX|¥¯TNW^ j ~a^ j ¡¹` j Yud^rWY` j gaa^@¯e@b j ^ryWud`rWYud^
j ^HWbdY\WH Õ b j ec^'VsJ^ j ef]N^HcEY\WH@^:ga_vus j `X_^:WW`h¡nY\ud^¥s9g j ghf^HJgasdsdfef_HgYef`ac j bdc9W `@cYud^cd`XtX^
n + 1eYu
n
Y\ud^cd`XtX^(ud`EWZY\ecdNeY\W3sg j ^Hc@Ys j `X_^:WWH q YeWYud^` j WY3_HgaW^p¡¹` j Y\ud^ j ^HWY\g j YefcdNghfa` j eYud]
Wefc_^gNs j `X_^HW\W_'gacdcd`aYr9^ j ^HWY` j ^:tbdcEY\eeµYvWsg j ^'cEYs j `X_^HW\W3eW j ^:WZY\` j ^Htnk3u9gYreWuVUYu^ j ^efW
gN^Hga²tXeR^ j ^'c9_^bWec.|¥¯CT¤W^ j ~a^ j ` j Yu^`X_'ga
tXeW²XW3`h¡^Hg@_vu_'bWY^ j cd`XtX^a
m Y\ude j t^Xs9^ j ef].^'cEYugaW(J^'^Hc§tX`acd^NY\`~gaetdgY\^NYud^WY j ^Hgh] j ^:WZY\` j gYef`ac ikj `V_'^HW\W(gaeµY\ec
efcgWUXWZY\^'] _Hghf
_'ghccd`hY39^_vud^:_v²Vs9`@ecEY^:tVUY\ud^_b j\j ^HcEYef].sd^H].^'cEY\ghYef`ac`h¡Y\ud^(s j `V_'^HW\W3WZYvgY^
^'VY j ga_±Y\e`@c ]N^:_vughcefW]2s j `~VetX^Ht VUª¾¿dÀnÀnÁ¹ÂÃ
¿dÄkP3uVbW"eY]ga²a^HWcd`hY._b j\j ^HcEYfUsJ`@W\Wefdf^Y`
_vu^H_v²Vs9`@ecEY j ^Hga` j ftgasdsdfef_HgYef`ac9W' m W¥W`V`ac©g@WYuefW¥ef].eµYvgY\e`@c©ef9^NW`@~@^HtnJ^Wud`@bdt9^




¯efab j ^ B0A´`EWZYp`a¡Csg j ghf^Hghssde_'ghYef`ac©_vud^:_v²Vs9`@ecEYefcdbWefcdW^H¼Ebd^'cEY\efga` j sg j ghf^Hghfa` j eYu].W
gacttXeR^ j ^'cEYpWY` j gaa^¥WUXWZY\^']WH´ud^H_v²VsJ`aefc@YrWe"?H^(efW 	 B.­P®¥











WY j ^Hga]W j ^:WZY\` j gYef`ac`ac§ghc ^:WsJ^H_'efgafUP j eµYY^Hc$ghsdsdfe_'gY\e`@c
3udeWgasdsdfef_HgYef`ac eW_`@].s9`EW^:t`a¡
YZ`s j `X_^:WW^HW¬¨g¤sg j ^'cEYps j `X_^:WWghct©eµYvWW`acJ°±(¯e j WZY(g 	
 {xuyhw.¤WY j ^Hgh] eWp`@s9^Hcd^Ht
9Y\ud^'c
Y\ud^©_vudefft¶s j `X_^:WW.W^'ctdWtdgYvgPY\`§eµYvW.sg j ^'cEYVU$Y\ud^©WZY j ^:gh]Yud^sg j ^HcEY.s j efcEY\WNYu^ j ^:_^'ef~a^:t
tgY\g  ghY^ j XY\ud^_`@].]"bdcde_'ghYef`aceWrWZY\`asdsJ^Ht ¬¨dbXYrY\ud^"WY j ^Hgh] j ^H].gaec9W`asJ^'c9°Y\`]gh²a^g¼EbdeY^
f`ac_`@]NsbXY\ghYef`acPtXb j efcdude_vuPg¤_vud^H_v²VsJ`aefc@Y¥efWWgF~@^Htn m Y¥Y\ud^"^Hct©`a¡CYud^N_`a].sdbdY\gY\e`@c
JYud^
_vuets j `X_'^HW\WW^HctdWrW`a].^tdghY\gY`eY\Wrsg j ^'cEYY`^HcWb j ^Y\ugYrY\ud^"WY j ^Hga] efWpWZY\ef`@s9^Hc
 m YrgaWYH
Y\ud^WY j ^Hgh]efWp_f`@W^Htghct¤Yu^ghsdsdfe_'gY\e`@cY^ j ].ec9gY^:W'3udefWpghsdsdfe_'gY\e`@c¤u9gaWJ^'^HcWb_H_^HW\W¡¹bdfU
_vu^H_v²Vs9`@ecEY\^Ht»ghc9t j ^:WZYvg j Y^Ht
 j ^H9`V`hY\ec$` j c`hYga¥cd`XtX^HW¤`h¡Y\ud^_'b9WZY\^ j  3udefW¤^XsJ^ j e].^Hc@Y
~gaetdgY\^HWY\ud^WZY j ^:gh] j ^HWY` j ghYef`ac

  * )&!')
¸^kugF~@^s j ^:W^HcEY^Ht¥Y\ud^kef]Ns^H]N^HcEY\gY\e`@c`h¡Vsg j ghff^'agasdsdfef_HgYef`ac_vud^:_v²Vs9`@ecEY±³ j ^:WZYvg j YJ].^:_vughcdeW].W
efcg_'bWY^ j TdT q ½(Tn  ^H@g@_U"gasdsdfef_HgYef`ac9Wk_'gac.Y\gh²@^rgatX~gac@Yvgh@^`h¡RYud^:W^p]N^:_vughcefW]WY`Y\`af^ j gY\^
c`Vtd^¥¡¨gaefb j ^HW3efcgN_'b9WZY\^ j eYud`@bXY j ^:¼Ebde j efcdghcVU].`Vtdeµ9_HgY\e`@c` j3j ^HdbdefftXefcd9
m _`@cE~@^'cdef^'cEY(_`a].]ghc9tV£>fefcd^"efcEY^ j ¡¨ga_'^"ug@WpJ^'^HctX^:Wefac^HtY\`Y j efa@^ j s9g j ghf^Hghssde_'ghYef`acW
_vu^H_v²Vs9`@ecEY\ecd.ghc9t j ^HWY\g j Y\ec3udefWrecEY^ j ¡¨g@_^ghff`rWWUXWZY\^']ecdeYegY\^Ht_vud^:_v²EsJ`aefcEYH m fWUXWZY\^']
`@XlZ^H_Y\W `h¡gsg j gaf^'9ghsdsdfe_'gY\e`@c_'gac9^tX^Y\^H_±Y\^Ht.¡ j `a] Y\ud^petX^'cEY\eµ^ j `a¡ *&
 `a¡nYud^ghsdsdfe_'gY\e`@c
s j `X_^:WW^HWH§¸^u9gF~a^ef].sdf^'].^'cEY^:t«gaf`a9gh3_`V` j tXefcgY\^Ht$_vud^:_v²Vs9`@ecEYefcd WZY j ghY^HaUa$­©` j ^'`~a^ j
^.g j ^gh^NY` j ^HWY` j ^_'`a].]"bcdef_HgY\e`@cWY j ^Hgh]W¥eµY\ud`abdYgacVU`~a^ j ud^:gatg¡¢Y\^ j(j ^HWY\g j YefcdWefc_^
tde j ^H_Y_'`a].]"bcdef_HgY\e`@cPeW(s j ^:W^ j ~@^HtP9^'YZ^H^'c _`a].]bdcde_'gY\ec¤s j `X_^:WW^HW^'~@^'ceµ¡s j `V_'^HW\W^:W(g j ^
c`hY j ^:WZY\` j ^Ht`acYud^He j ` j efaefcgaJ^'X^H_bdYef`accd`XtX^a
¯b j Y\ud^ j ].` j ^aE^¥ugF~a^^'Xs9^ j ef].^'cEY^:tgs j `hY\`hYZUVsJ^rec¾¿dÀnÀnÁ¹ÂÃ
¿dÄ`@s9^ j ghYefcd"WUXWZY\^'] ude_vu
td^'].`acWY j gY\^HWYu^^_ef^'c_'U`a¡Yu^sg j ghf^H
_vud^H_v²VsJ`aefcEYefcdNga@` j eµY\ud] ghEghefcWYg.W^H¼Ebd^Hc@Y\efgane]N£
s^H]N^HcEY\gY\e`@c
 m sg j gaf^'Jghsdse_'ghYef`ac_HghcJ^ j ^HWY\g j Y\^Ht.^'~@^'ce¡W`a].^pcd`XtX^:Wg j ^p`abXY`h¡
` j tX^ j gY
j ^HWY\g j Y\ecY\e].^@3¯efcghffUadY\ud^ j ^HWY` j ghYef`ac`h¡C`asJ^'cWY j ^Hgh]W¬    *(/
 °ugaWJ^'^Hc~ghfeftdghY^:t
VU^'Xs9^ j ef].^'cEY\WH
´b j\j ^'cEYfUaYud^b9W^ j ecEY^ j ¡¨g@_^eWcd^:g j UP_'`a].sdf^Y\^dbXY"eY"tX`V^HWcd`hY"WbdsdsJ` j Y"Ua^'Ys9^ j ef`XtXe_'gh
gasdsdfef_HgY\e`@cP_vud^H_v²VsJ`aefcEYH(3ud^ j ^HWY\g j Yghfa` j eYud] eWpsg j gaf^'fe@?'^HtPghctY\ud^Nsg j ghf^He@?HghYef`ac`a¡kYud^
_vu^H_v²Vs9`@ecEY\ecdNghfa` j eYud] eW3gaW9^:WZYrgaW^¥_Hghc¤Wefc_^^(tX`Ncd`hY33ghcEYY\`N_'^'cEY j ghfe@?'^pefcX¡¹` j ]gY\e`@c
ga9`@bXYude_vus j `X_^:WW^HWcd^H^HtX^:tY\`9^_vu^H_v²Vs9`@ecEY\^Htn
´ud^:_v²Vs9`@ecEYefcdgact j ^:WZYvg j Yefcd j ^:gh­ ikq ghsdse_'ghYef`acWrWud`@bdftJ^"sJ`@W\Wefdf^W`V`@c
3u^]ghefc
s j `@d^H] eW"gfef]NeY\ghYef`ac§`a¡Y\ud^s j `X_^:WW"WZYvgY^^'VY j ga_±Y\e`@c ]N^:_vughcefW] <f 	>s j `~VeftX^:tEU$¾¿dÀ
ÀnÁ¹ÂÃ
¿dÄuef_vuefWrcd`hYrgh^Y`_vu^H_v²Vs9`@ecEYrgNs j `V_'^HW\WgaeµY\ecd.efcgNWUXWZY\^'] _HghfS
¸^¥sfgacY`N^XsJ^ j e].^Hc@Y`ac¤fg j @^ j _'b9WZY\^ j WkY\`"^'~gabghY^¥Yud^(W\_'ghghefeµYZU.`a¡
`ab j ghsds j `Ega_vughc9t
eYu j ^HganectdbWZY j egh
gasdsdfef_HgY\e`@cW'C¸^ghef]ghYrecEY\^' j gY\ec`@b jj ^:WbµYvW3ecYu^sdbddfe_ j ^H^:gaW^ <f>
`a¡p¾¿dÀnÀnÁ¹ÂÃ¿dÄ Wefcd@^WUVWY^H] ef].gaa^(`asJ^ j gY\ec.WUXWZY\^']
½¥b j ¡¹bXYb j ^¥` j ²ef¡¹`X_'bW `@cWu9g j ^Ht.].^'].` j U.ghsdsdfe_'gY\e`@c_vud^H_v²VsJ`aefcEYefcdec¤Wefcdaf^pWUXWZY\^']
ef]gh@^`asJ^ j gY\ecWUXWZY\^']W.ghctª`acªef].sdf^'].^'cEYefcd `hY\ud^ jNj `afg@_v²³ j ^H_`~@^ j UPWY j gY^Haef^HWNWb9_vu«gaW








 A¸^¤`abft§fef²a^Y\`©Y\ughcd² i g@W_Hgh Ó gag j t$gact o ^Hcghbt  `hYYeghbX§ud`
u9gF~a^.ud^'fsJ^HtY`efcEY^H j gY^.Y\ud^s j `asJ`@W^Htsg j gaf^'kgasdsdfef_HgYef`ac§_vud^:_v²Vs9`@ecEY±³ j ^:WZYvg j Y].^:_vughcdeW].W
efcY\ud^N¾¿dÀnÀnÁ¹ÂÃ
¿dÄ$`asJ^ j gY\ecdWUXWZY\^']p3udeWr` j ²u9gaWrJ^'^Hc©sg j Y\efgafU¡¹bctX^Ht©EU Õ(Ó(m bdc9tX^ j
Y\ud^´½´ mBikÒ m _'`acEY j ga_YH
 3¤&
<> Ñ ^ jj efaud^:t^'WeµY\^a uEYY\s;A ³a³F ²a^ jj efaud^:tn ` j X³V
< >h½¥sJ^'cJTdT q ^HWeY^@ (uEYYs.Aè³@³F `asJ^'cW\We> ` j V³V
< >"´¥
­©` j ec
 o   `hYYeghbXn Ó  · ga '^@ i  Ó ghffg j tn Õ 





^ j W`ac Ñ ^ j\j efau^Ht$gactªtdghY\gsg j ghff^'fefW] A´fbWZY\^ j _`@].sdbXYefcd`ac»TVefcdaf^TXUVWY^H] q ]gh@^
`@s9^ j ghYefcdWUXWY^H].WH ¥ec  *(*4+ ! ( 
 4d q ÒkÒkÒ RTV^'sXY:9h@B9
< B > Ò R|"J­$ Ò fcd`?HghuVU@   m f~VefWe>
N £ ­§J¸gacdRghct Õ R®@`audcW`ac m Wb j ~@^'U¤`h¡ j `afg@_v²E£




< y>9  ^'`@c
 m   n¯efWud^ j Rghct i 
TEY\^'^Hcd²VefWY^@F¯9ghefµ£ZTXgh¡¹^ ik· ­ A m sJ` j Y\gh^sga_v²gh@^¡¹` j tXeWZ£
Y j efdbXY\^Hts j `a j ga]N].efcdNeµY\u¤Y j gacWsg j ^'cEY j ^:_`~a^ j U@ p^H_vu
 o ^'s
fn  a




 2 -  0 
&)*&! !!"
! * (




<èz6> m  m a9g j efggact o V¯ j ef^HtX]ghc&\TEY\g j JWu;A¯gabdY£>Y`af^ j ghcEYtdUEc9gh].ef_¥­ ikq s j `@ j gh]WC`ac_'b9WZ£
Y\^ j Wk`a¡
` j ²XWY\gY\e`@cWH 3ec(' -      0 
&)*&! ,  *6 (a **) 56- 
+* &(
,  
	:* (  
7 +* 3(    `@W m fga]NeY`EW'n  d
< 
> m X®`@bXY^Heff^ j  Ô  £  V®`ab?Hefgacd^a i   ^']g j efcde^ j E( Ô  j ghbµY:Egact¯´ghsdsJ^'f` Ô UV j ets j ^£
^H].sXYef~a^(W_vu^HtXbdfefcd¡¹` j ].sdenghssde_'ghYef`acW`acYud^ j etdW'  ikj ^HW^'cEY\ghYef`acefcyYu q Ò ÒkÒ ³ m ´­
q cEY\^ j cgY\e`@cghn¸` j ²XWud`@s`@c Ój eft©´`@]NsbXYefcdd|p`~a^H]" j ^(aa B
< > Ó -Rud^'cd9  
TVude>
ghct   ·  Ñ ga"@F¯p´ £´ug j ] A m cPefcX£Û].^'].` j U_vud^H_v²VsJ`aefc@Y£>9gaW^Ht





* + ! ( 
 +* ( 	  9TXgac Õ ef^Hgh@`9´ m 9TV^'sdY^']9^ j h@B
<fH>TnTdghcd²g j ghc&9F­§hTX¼EbdU j ^:W'®:®3g jj ^YYH m   b].W\tdgaecd^@ Õ bd^'fS i  Ô g j  j `~a^a:ghct Ò  o `h£
]gac
.3ud^  m ­³­ ikq _vud^:_v²EsJ`aefcEY±³ j ^:WZYvg j Yk¡ j ga].^'` j ²&ACTVUXWY^']N£ÛeceµY\efghY^Ht_vud^:_v²Vs9`@ecEYefcd9 
efc  * (

7 2143.# + ,  ,  *6 (a 9TXgac@Y\^¯d^@|r^H7­^'Ve_`9  T m R½_Y`aJ^ j aaa
<fa> m 9®`abdY^'eff^ j d¯J´gasds9^Hf`9( Ô  j gabdµY: Ó  Ñ(j gF^?'ef²R i   ^']g j efcde^ j dgact¯­©gh@cdef^YY\^a
F­ ikq ´ Ô £ · Ag"¡¨ghbµYY`@^ j gac@Y3­ ikq ¡¹` j ~a`agY\ef^pc`Vtd^HWgaW^Ht`acsJ^HW\Wef].efWYe_W^HctX^ j g@W^:t
].^:WW\gh@^k`@a@ecd9  efc ) 5 -  
+*4&(
  
  */  &7 +* 3( 65 , + 4.78 i ud`V^'cde










<f:> m ®`abdY^'eff^ j  i   ^H]g j ecdef^ j 3( Ô  j gabdµY: Ó  Ñ(j gF^?He²Rghct¦¯´ghss9^Hf`  q ]Ns j `~@^Ht
].^:WW\gh@^¤f`a@aefcd~@^ j Wb9W"ef].s j `~@^Ht«_`V` j tXefcgY\^Htª_vu^H_v²Vs9`@ecEY\ecd¡¹` j ¡¨gabdYY`af^ j ghcEY­ ikq  
efc  $-




 * + ! ( 
 +* ( 	  kTXghc Õ e^Ha`  T m 
TX^'sXY\^']"J^ j ha B
<fH> Õ  3ugaec(kghcdcd^HcVghbd]ghct«­§  ef~VcEU@  Õ eWY j edbdY^Ht¶_`@].sdbXYefcd efc«s j ga_Ye_^A3ud^
´`@ctX` j ^Xs9^ j ef^'c9_^a  +*$( ( 





<fB > Ò  i efcdud^He j `  j bdfUE£SY j gacWs9g j ^'cEY _vu^H_v²Vs9`@ecEY\ecd `a¡ s9g j ghf^H ghsdse_'ghYef`acWH  _'eµY\^£
W^'^ j  eWZY: sWb
 ^HtXbR³6B@ BVz	
d uEY].>
<f:y> 9 Õ b^'fS i  Ô g j  j `~a^@gact Ò  o `a]ghc
f 3ud^td^HWe@c«ghc9t$ef]Ns^H]N^HcEY\gY\e`@cª`a¡¥®^ j ²a^'f^'U
 gh. W  ecVbX´ud^H_v²VsJ`aefc@Y³ o ^:WZYvg j YH ¯bXYb j ^r^H_vudc`af`aaef^HW Ój `absNueµY\^rsghsJ^ j a^H_vu
 o ^'s
aa@d
<f 	> Ó  · ga '^@ o   `aYY\efgabXn Õ J­Pg j a^ j Uan´¥J­©` j ec
Rghc9t  £
9®^ j Y\ud`abgactn Ó u`@WYps j `V_'^HW\WA
gW`abctP9gaWefW¥Y`ef].sdf^'].^'cEYcd^H,].^H_vugacdeW]W¡¹` j @`@ghCs j `X_^:WW]ghc9gha^H].^'cEYefc efcVbX
_'b9WZY\^ j W' efc  ,  , + 4.    eff^@¯ j ghc_'^a@bdUh@@yX
<fFz6> Õ ­©g j a^ j U@ o   `hYYeghbXnghct ´¥.­` j efc
*\´gasghdeffeµY\e^:W ¡¹` j s9^ j s j `X_^:WW Y\bdcdefcd,`a¡
tdefWY j ebXY^:t`@s9^ j ghYefcdWUXWZY\^']W'  q | orqZm  qZoq T m  o ^'ccd^HWHX¯ j ghc_'^a o ghss9` j YtX^ o ^H_vud^ j _vu^
opo £ yB@a Õ ^:_h9aa B$<è½¥cefcd^>Û m ~Fgaegh^ACu@YYs;A ³a³ efc j efg ¡ j ³ j\j\j Y³ j\j £±yBaa u@Y\].
<f 
> i  Ó ghfg j tgact´¥R­` j efc
 Õ UVcga].ef_WZY j ^:gh]W3¡¹` j ^_ef^'cEY(_`a].]bdcde_'gY\e`@cWJ^YZ^'^Hc©].eµ£




 X~@`a>nHdXc` B Õ ^H_a9h@a
CDC ðFEGHGG
Unité de recherche INRIA Lorraine, Technopôle de Nancy-Brabois, Campus scientifique,
615 rue du Jardin Botanique, BP 101, 54600 VILLERS LÈS NANCY
Unité de recherche INRIA Rennes, Irisa, Campus universitaire de Beaulieu, 35042 RENNES Cedex
Unité de recherche INRIA Rhône-Alpes, 655, avenue de l’Europe, 38330 MONTBONNOT ST MARTIN
Unité de recherche INRIA Rocquencourt, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex
Unité de recherche INRIA Sophia-Antipolis, 2004 route des Lucioles, BP 93, 06902 SOPHIA-ANTIPOLIS Cedex
Éditeur
INRIA, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)  	


  
ISSN 0249-6399
